Abstract-This paper presents a magnetic gravity compensator which is able to provide compensation around two axis of rotation for mobile arm support systems. Because of the compensation around two axes it provides more flexibility than the existing mechanical gravity compensators. This flexibility is achieved by using two semispherical permanent magnets, where the inner semisphere can rotate around the x, y and, z axis with respect to the outer semisphere. Several magnetization topologies, evaluated using 2D finite element analysis, are investigated and the most suitable topology is optimized in 2D finite element analysis. The optimization results are verified with 3D finite element analysis.
I. INTRODUCTION
Mobile arm support systems provide aid during activities of daily living (ADL) such as eating, drinking and, using a computer for people with limited muscle activity. The limited muscle activity can be caused by e.g. a neuromuscular disease or a stroke, and results in difficulties to overcome the gravity. Therefore, mobile arm support systems use gravity compensation to enhance the human capabilities to perform the ADL more independently. These support systems are used at home and can be mounted on a table, chair or electric wheelchair. In each of these cases no or limited electrical energy is available, therefore, passive gravity compensation is beneficial. The currently available passive gravity compensators use mechanical springs which are prestressed [1] , [2] . These springs provide adjustable gravity compensation around a single axis. The compensation is adjusted using an electrical machine which varies the spring tension.
Magnetic gravity compensators are already investigated for application such as automotive applications [3] and high precision applications [4] . Using spherically shaped permanent magnets, a novel design of a gravity compensator is proposed. This compensator exists of two semispherical permanent magnets as shown in Fig. 1 . These spherical shapes provide compensation around two axes, which increases the flexibility compared to existing mechanical compensators.
The necessary torque properties are analyzed for gravity compensation in arm support systems. Different magnetization topologies are investigated, using 2D finite element analysis (FEA), to satisfy the required torque properties. A conversion ratio is obtained to convert the 2D FEA results into the expected 3D performance. application. The obtained results of the optimized topology is verified using 3D FEA. Finally, from these results, a conclusion is given for the useability of the proposed topology in arm support systems.
II. SPECIFICATIONS
The shoulder joint can be compared to a ball and socket joint; hence, the force needed to overcome the gravity can be represented as a torque about this joint. Assuming an equal mass distribution of the human arm, the point of application of the gravity force, ⃗ F g , is in the middle of the arm at a length, l, from the shoulder joint as shown in Fig. 2(b) . In general, the motions for the human arm are defined for the horizontal flexion movement, ϕ h , as shown in Fig. 2(a) and, for the flexion/abduction movement, θ h , in Fig. 2 (b) [5] . These movements can be transformed in the stationary coordinate system as defined in Fig.1 by
The torque needed to overcome the gravity, which occurs during the flexion/abduction movement, can be determined using
and
The torque, keep the the human arm in position. However, at an angle of θ h = 90
• , a maximum shoulder joint torque is needed to overcome the gravity.
All human bodies differ from each other, therefore, to optimize and design a realistic and suitable gravity compensator, average numbers of the target group are taken into account. The intended target group, which are people suffering from a neuromuscular disorder, have an average arm mass of about 3 kg [6] and an arm length of about 0.8 m. Therefore, the application point of the gravity force, F g , is situated on a distance of the shoulder at l = 0.4 m. Hence, The gravity compensator must compensate for a maximum torque of T max =12 Nm.
For this application, a range of motion of several basic ADL are considered, such as stretching forward, drinking, eating and, using the computer. All these activities require flexion/abduction movement [5] ranging from typically θ h = 0
• to θ h = 90
• [7] and a horizontal flexion movement [5] ranging from ϕ h = 40
• to ϕ h = 130 • .
III. TOPOLOGIES

A. Working principle
The proposed magnetic gravity compensator exists of two semispherical permanent magnets, as shown in Fig. 1 , where the inner semisphere can rotate freely in the θ-direction and ϕ-direction. From Fig. 2(b) it can be seen that at the starting position, θ h = 0
• , no compensation is required. By an increasing angle θ h , a increasing positive torque is needed; hence, at the starting position a metastable position is required. An increasing torque is necessary until θ h = 90
• , where it reaches its maximum. From this position a decreasing torque is necessary until θ h = 180
• where no torque is needed; hence, a stable position is required at θ h = 180
• . However, because only a limited range of motion is considered, the stable position will not be reached. Furthermore, the torque characteristic should be sinusoidal between the stable and metastable point.
B. Method
To obtain this sinusoidal torque characteristic, different magnetizations are investigated, as shown in Fig. 3 , to find the most suitable topology usable for arm support systems. The initial geometry parameters for this investigation are shown in Table I and defined in Fig. 4 . The torque characteristic of all combinations of parallel and radial magnetization of the two magnets are obtained. To validate the consistency of the torque characteristic, the torque of three different ratios between the inner magnet thickness and the outer magnet thickness are investigated. The ratio between the two magnets is defined as
The torque in the spherical coordinate system can be obtained using the Maxwell stress tensor [8] 
where ⃗ r is the displacement vector and,
where,
Defining the point of application at the origin, the displacement vector ⃗ r is defined as
and the Maxwell stress tensor is defined as,
Subsequently, the torque components can be obtained by integrating over the airgap surface
Note that the angles θ s and ϕ s describe the orientation of the rotor with respect to the stator and ρ, θ and ϕ describe the positions in the stationary coordinate system. It can be seen from the magnetic flux density in the middle of the spherical airgap, as shown in Fig. 5 (a) and 5(b) that the magnetic flux densities, B ρ and B θ are independent of ϕ at position θ h = 0
• and ϕ h = 90
• . Furthermore, it can be seen in Fig. 5(c) can be concluded from (12) that there is no torque T θs and from (13) T ϕs is independent from ϕ, which holds for all ϕ h . Hence, the torque T xs obtained at ϕ s = 90
• equals the torque T ϕs and the expected 3D performance can be derived from 2D FEA.
The spherical structure is represented in a 2D cylindrical FEA model with depth, d. This depth can be obtained by using the ratio between the effective airgap areas. The effective airgap area of the 2D rotary structure is
where R in is the radius of the inner magnet and the effective area of the semisphere is The ratio between both areas is
Assuming a ratio of
the depth of the 2D cylindrical FEA model can be obtained by
C. Results
Using the parallel magnetization, for both the inner and the outer magnet, results in a torque characteristic as shown in Fig. 6(a) . It can be seen that this magnetization has a linear torque characteristic from θ h = 30
• to θ h = 150
• . Furthermore, it can be seen that for the three ratios, α = 0.5, α = 0.7, α = 0.9, only the amplitude changes and not the characteristic. From these three ratios, α = 0.7 provides the highest amount of torque. Because there is no torque generation at position θ h = 90
• the flux lines are shown at position θ h = 20
• in Fig. 6(b) . Although this linear torque characteristic is not suitable for a mobile arm support, it can be suitable for other applications.
Using a radial magnetization for both magnets, results in a torque characteristic as shown in Fig. 7(a) . This torque has a non-linear characteristic over the range of θ h = 0
• , which is also not suitable for the mobile arm support system application. Also for this magnetization topology it holds that α = 0.7 provides the highest amplitude and there is no change in the characteristic. The flux lines at a position of θ h = 90
• , are shown in Fig. 7 (a). Combining these two magnetization topologies, a radial magnetization for the outer magnet and a parallel magnetization for the inner magnet, results in a torque characteristic as shown in Fig. 8(a) . This figure shows the desired sinusoidal torque characteristic as required in (3), independently from the ratio α. The flux lines at a position of θ h = 90
• , are shown in Fig. 8(a) .
Inverting the previous topology, a parallel magnetization for the outer magnet and a radial magnetization for the inner magnet, results in a torque characteristic as shown in Fig. 9(a) . Also this topology gives a sinusoidal characteristic, however, due to the low torque results the numerical noise of the FEA becomes visible. From the flux lines, as shown in Fig. 9(b) , it can be seen that the magnetic field of the outer magnet has short-circuited itself. Therefore, almost no flux from the outer magnet enters the inner magnet and almost no torque is generated. The topology using the radial magnetization combined with the parallel magnetization for the outer and inner magnet, respectively, is chosen because it provides the sinusoidal characteristic with the highest amplitude.
IV. GEOMETRY OPTIMIZATION
This section considers the topology chosen as most suitable solution in Section III. This topology is optimized for the smallest size to reduce the costs of the magnetic gravity compensator.
To optimize the geometry for the torque level, different inner magnet shapes are investigated. A spherical magnet, as shown in Fig. 10(a) , can be used as inner magnet. However, a full sphere is difficult to realize in practice because a rod is needed to exert the created torque. Therefore, a solution is shown in Fig. 10(b) where a segment is left out for the rod. Both torque characteristics are shown in Fig. 11 and compared with the semispherical inner magnet. It can be seen that the full sphere has almost twice the torque of a semispherical magnet and the sphere with the rod cutout no longer has an sinusoidal characteristic. The error between the normalized torque and the mathematical sine function is calculated using
over the specified range of θ h = 0
• and θ h = 90
• for all three of the geometry topologies. The resulting error is shown in Table II . Ideally the spherical shaped permanent magnet is the best topology, however, it has an unpractical geometry. The spherical shaped magnet with rod topology compensates the gravity over a range of θ h = 5
• to θ h = 85
• , therefore, it does not meet the specifications. The semispherical shaped magnet complies with all the specifications, therefore, this topology is chosen for further optimization.
An optimization is performed on the geometry parameters, R in and R out to find the smallest size capable of delivering the required torque. For this optimization the airgap, g, and the rod radius, R rod , are kept constant as their values are already set to a minimum. The torque generation for the different magnet sizes are obtained at position θ h = 90
• and shown in Fig. 12 , were the black line represent the specified T max = 12 Nm. From this figure it is found that the most optimal parameters are: R in = 36 mm and R out = 49 mm.
V. 3D VERIFICATION All analysis is performed using 2D FEA to predict the 3D performance with the ratio between the effective airgaps. For verification of the most optimal design, the 3D model as shown in Fig. 1 was used. In Fig. 13 verified that this is also an optimal solution in the 3D domain. To verify this, without performing the complete optimization again in 3D, a surface map of the torque in the specified range of motion and for R in = 34 mm to 37 mm is performed. From this analysis, shown in Table III , it can be concluded that for each point R in = 36 mm is equal or provides a higher torque.
From torque results of T xs , and, T ys as shown in Fig.  14(a) and, 14(b), it can be seen that the characteristic is in agreement with (3) and (4), respectively. The torque T zs is shown in Fig. 14(c) and is numerical noise. The spherical torque T ϕs is shown in Fig. 15 , it can be seen that this torque is independent of ϕ h and has the expected sinusoidal characteristic.
Determining the error between the obtained 3D results and a mathematical sine function the rms error (20) is used. The error obtained for T ϕs is ϵ = 0.7%. From these results it is concluded that the proposed magnetic gravity compensator is capable of delivering the desired VI. CONCLUSION A magnetic gravity compensator has been proposed for the application of mobile arm support systems. It has been shown that the proposed magnetic gravity compensator is capable of providing the specified torque characteristic for this application. It has been found that the most suitable magnetization to achieve this characteristic is a radial magnetization for the outer magnet and a parallel magnetization for the inner magnet. From the 2D optimization is has been shown that the smallest size to achieve the specified torque of T max = 12 Nm was obtained. However, reducing the range of motion; hence, the spherical magnet with rod topology would meet the specification, a smaller sized spherical magnetic gravity compensator could be realized. The obtained optimized 2D results have been verified using 3D FEA. From the found results it has been shown that the gravity compensator can be realized within a size of a sphere with a radius of R out = 49 mm. This is an acceptable size, therefore, the magnetic gravity compensator is a suitable solution for mobile arm support systems.
